Thin-film optoelectronic devices make use of transparent, conductive thin-film electrodes to provide a low-resistance electrical contact to the active layers while not impeding coupling of light into and out of the devices. Transparent, conductive metal oxides such as indium tin oxide (ITO) and Al-doped zinc oxide are commonly used for this purpose, but they have a number of disadvantages. The cost of sputtered metal oxide thin films may be too high for applications in roll-to-roll processed solar cells and largearea organic light-emitting diodes (LEDs) for lighting applications. 1 When deposited on flexible substrates, the brittleness of metal oxides leads to film cracking when the substrate is bent, causing device failure. 2 In cases where a transparent electrode is required on top of organic active layers, the sputter deposition of ITO onto an organic material is known to cause damage to the underlying organic layers that leads to a decrease in device performance. 3, 4 Finally, there is an inherent tradeoff between optical transparency and sheet resistance: thicker films (or higher doping concentrations) decrease not only the film sheet resistance but also the optical transparency, especially for sheet resistances R sh < 15Ω/sq, as shown in Figure 1 (red dotted line). For a sheet resistance of R sh ) 10Ω/sq, a typical value for thin-film solar cells, the solar photon fluxweighted optical transparency of ITO on glass, is T Solar ) 80%.
Clearly, there is a need for an alternative approach to transparent conductive electrodes that has none of the disadvantages listed above. Random mesh networks of single wall carbon nanotubes (CNTs) deposited from solution were recently used as transparent electrodes for organic 5, 6 and inorganic 7 photovoltaic cells. While this approach is potentially low-cost and the resulting electrodes are less prone to (4) and Ag nanowire meshes (9) deposited on a glass substrate. The data for the Ag gratings were obtained by finiteelement modeling. The grating period is 400 nm, the Ag line width is 40 nm, and its thickness is varied. The data for ITO are computed based on optical constants for e-beam deposited ITO acquired using spectroscopic ellipsometry. The data for CNT meshes were obtained from the literature, and the Ag nanowire mesh data were obtained experimentally. T Solar is calculated by integrating the product of the spectrally resolved transmittance with the spectrally resolved AM1.5 photon flux over the wavelength range λ ) 400-800 nm. failure when bending the substrate, the optical and electrical properties of CNT meshes [8] [9] [10] [11] [12] so far have been inferior to that of ITO, as shown in Figure 1 (open triangles). The relatively high sheet resistance of CNT meshes is attributed to a high tube-tube contact resistance between CNTs. Furthermore, CNT meshes contain a mixture of metallic and semiconducting CNTs, with the latter type contributing to optical absorption while not participating in lowering the sheet resistance.
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Here, we investigate the use of nanostructured metal electrodes as transparent conducting electrodes. We first show that the optical transmission and sheet resistance of subwavelength periodic metal gratings are superior to those of ITO using electromagnetic modeling. We then show that random meshes of metal nanowires processed entirely from solution achieve a performance that approaches that of periodic metal gratings. A solar photon flux-weighted transmissivity of up to T Solar ) 85% was achieved using such a solution-processed transparent thin-film electrode for a sheet resistance of R sh ) 10Ω/sq. On flexible substrates, these electrodes can be bent to a radius of 4 mm without affecting the sheet resistance. Organic photovoltaic cells deposited onto a transparent metal nanowire mesh electrode exhibit improved photocurrents compared to identical cells fabricated on ITO-coated substrates.
Finite-element modeling 13 was used to calculate the optical transmittance of subwavelength metal gratings as a function of the geometric parameters of the gratings. In Figure 2a and b, the absolute value of the optical electric field (color) and optical power flow (red streamlines follow the Poynting vector) are shown for the TE and TM mode incident on a free-standing Ag grating in a vacuum with a period of 400 nm, a line width of 40 nm (geometric aperture of 90%), and a height of 100 nm. The free space wavelength of the incident light is 600 nm. Assuming the conductivity of bulk Ag, the sheet resistance of this grating in the direction of the Ag lines is 1.6Ω/sq. The calculated optical transmittance is shown for the TE (blue solid line) and TM (red solid line) polarizations as a function of wavelength in Figure 2c . The solar spectrum is shown for reference (gray line). The transmittance of the TM mode exceeds the geometric aperture of 90% and is >99% for λ > 500 nm. The transmittance of the TE mode drops monotonously from 99% at λ ) 400 nm to 65% at λ ) 1000 nm, since the TE mode through the 90-nm-wide apertures becomes increasingly evanescent. The polarization-averaged solar photon flux-weighted transmissivity of these gratings of variable height on a glass substrate as a function of their sheet resistance is shown in Figure 1 (blue line). Our model calculations predict that metal gratings are substantially more transmissive than ITO for the same sheet resistance.
These models show that subwavelength metal gratings are good candidates for usage as transparent electrodes. This was recently demonstrated experimentally by Kang and Guo who used nanopatterned Ag gratings as a transparent electrode for organic LEDs with a performance comparable to that of ITO. 14 Despite the promise of nanopatterned metal gratings, their fabrication is likely to be too costly for applications in large-area, low-cost solar cells and LEDs. To address this issue, we have developed a low-cost method to fabricate transparent, nanostructured metal electrodes by casting suspensions of solution-synthesized metal nanowires.
Ag nanowires were synthesized by the reduction of Ag nitrate in the presence of poly(vinyl pyrrolidone) (PVP) in ethylene glycol. 15 The resulting Ag nanowires are 8.7 ( 3.7 µm long and have a diameter of 103 ( 17 nm. To fabricate transparent electrodes using nanowire suspensions, a volume of the nanowire suspension is dropped on a glass substrate with 100-nm-thick prepatterned Ag contact pads and is allowed to dry in air for 10 min while agitated on a shaker. The resulting films are random meshes of Ag nanowires without significant bundling of wires that are uniform over the area of the substrate, as shown in the scanning electron microscope (SEM) images in Figure 3a . The initial sheet resistance of the nanowire mesh electrodes is >1 kΩ/sq due to the presence of the 1-nm-to 3-nm-thick PVP surfactant layer. As shown in Figure 3b , annealing of the meshes at a temperature of 200°C results in a steep drop of the sheet resistance (measured at the annealing temperature) by more than an order of magnitude from R sh > 1 kΩ/sq to R sh ≈ 100Ω/sq after 20 min. The reduction in R sh is attributed to the flowing and partial decomposition of the PVP which allows the Ag nanowires to make contact and fuse together. Continued annealing at 200°C for more than 40 min leads to a gradual increase in R sh as the Ag nanowires coalesce into disconnected droplets. The lowest temperature at which a low R sh is achieved is 180°C.
The R sh of a metal nanowire mesh depends on the wire length, L, wire resistance, R W , the wire-wire contact resistance, R C , and wire aerial density, D. To understand the factors that limit R sh , we evaluated its dependence on the above parameters using computer generated random meshes since no analytical models are known. 16 The distribution of Ag nanowire lengths and diameters determined from SEM images is shown in Figure 3a . The average length is L avg ) 8.7 µm, and the average diameter is d avg ) 103 nm. Assuming the bulk resistivity of Ag is F ) 1.6 µΩ‚cm, the average wire has a resistance of R W,avg ) 18 Ω. In the simulated nanowire meshes, all wires were assumed to be of length L ) L avg with a wire resistance of R W ) R W,avg . In Figure 3c , the experimentally obtained R sh for Ag nanowire meshes with varying wire density, D, determined from SEM images, is compared with model calculations assuming R C ) 1, 40, and 100 Ω. The data agree well with the model calculations for
. For D > 0.3 µm -2 , the data are better described by model calculations for R C ) 1 Ω. This is attributed to the formation of many parallel connections with the lowest resistance connections dominating the overall resistance.
A Ag nanowire mesh with R sh ) 11.8 Ω/sq was deposited on 63.5-µm-thick Kapton tape to evaluate changes in R sh when the substrate is bent. No changes in R sh larger than 1% were measured for bending radii down to 4 mm, and no changes were observed when the substrate relaxed back to the planar shape.
The random nature of the Ag nanowire meshes leads to substantial scattering of incident light. Approximately 20% of the transmitted light is scattered over angles >10°. Since the scattered light contributes to photocurrent generation in solar cells, the optical transmittance of the Ag nanowire meshes was measured using an integrating sphere. The spectrally resolved diffuse transmittance for two Ag nanowire meshes is shown in Figure 4a . The solar photon fluxweighted transmissivity, T Solar , is plotted as a function of the nanowire mesh aerial density in the inset of Figure 4a (triangles) and as a function of its R sh in Figure 1 (squares) . For a given R sh , the Ag nanowire meshes on glass exhibit a T Solar that is comparable to or higher than that of ITO on glass. Given that the Ag nanowire meshes can potentially be deposited at much lower cost because they are processed from solution, require only a moderate temperature step of 180-200°C, and do not fail upon bending of the substrate, we conclude that they are an attractive replacement for metaloxide transparent electrodes in many applications.
To evaluate the potential of metal nanowire mesh transparent electrodes for use in devices, small molecular weight organic photovoltaic cells were deposited onto Ag nanowire mesh electrodes with T Solar ) 86% and R sh ) 16 Ω/sq. The Ag nanowire mesh was coated with a layer of poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT: PSS) by spin-coating after annealing to adjust the workfunction. The presence of the transparent, conductive PEDOT: PSS layer ensures that holes generated in the organic solar cell are collected efficiently despite the relatively large distance between the Ag nanowires compared to the thickness of the organic layers. On top of the Ag nanowire-PEDOT: PSS composite transparent electrode, a bilayer solar cell 17 with the following layer structure was deposited by vacuum sublimation: 45 nm of copper phthalocyanine (CuPc)/45 nm of 3,4,9,10-perylenetetracarboxylix bisbenzimidazole (PTCBI)/ 10 nm of bathocuproine (BCP)/100 nm of Ag. The same device structure was simultaneously deposited on a conventional ITO transparent electrode on glass for comparison. The thickness of these devices is larger than the optimal thickness in order to prevent shorts due to the topography of the 100-nm-diameter Ag nanowire meshes.
In Figure 4b , the current-voltage characteristics of the bilayer photovoltaic devices in the dark and under 65 mW/ cm 2 AM1.5 illumination are shown. The short circuit current density, J SC , is 1.83 mA/cm 2 for the devices deposited on the Ag nanowire mesh electrode and 1.54 mA/cm 2 for devices on ITO. The 19% increase in short circuit current for the devices on the Ag nanowire mesh is attributed to the higher optical transmissivity, improved optical path length due to scattering of incident light, increased roughness of the donor-acceptor interface, and possibly a local enhancement of the optical intensity near the metal nanowires. The power conversion efficiencies of the devices on the random Ag nanowire mesh and ITO electrode are 0.38% and 0.42%, respectively. The lower efficiency of the device on the Ag nanowire mesh is chiefly due to a higher dark current that is likely the result of current shunt paths due to the roughness of the Ag nanowire electrode. The efficiency of these devices is well below the state of the art for this material system, 18 since thick, nonoptimized devices were used. We anticipate that application of solution-processed Ag nanowire mesh electrodes to today's best organic solar cells will lead to improved efficiencies.
In conclusion, we demonstrated that Ag nanowire mesh electrodes can be used as transparent electrodes with a performance that exceeds that of commonly used metal oxides. Moreover, these electrodes are fabricated entirely from solution and require only a low temperature annealing step that is compatible with most plastics. The nanowire meshes are compatible with flexible substrates, and organic solar cells based on such nanowire meshes were shown to exhibit a 19% higher photocurrent. We anticipate that the application of metal nanowire mesh transparent electrodes to a wide variety of devices, including organic solar cells, will lead to lower cost fabrication and improved performance.
